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I. INTRODUCTION
W AVELENGTH-DIVISION multiplexing (WDM) systems have already been widely used in the field. However the offered bandwidth granularity is higher than many applications. An optical time-division multiplexing (OTDM) system [1] - [4] divides each wavelength into multiple time slots, and each time slot offers a finer bandwidth granularity. OTDM requires minimum header processing and is considered a more practical form of time-domain optical switching in the near future than packet switching [5] - [7] , which is hindered by the lack of adequate optical processing devices.
Ring is the most commonly used topology for TDM systems, i.e., SONET rings, and it is our focus in the paper. Data are organized into repetitive frames and a data channel is identified by the allocated time slot in the frame. Each node can perform add/drop operations by inserting and removing data from a slot of the ring. Sometimes a node needs to move the data from an incoming slot to any outgoing slot. This switching function is performed by a time-slot interchange (TSI). An electronic TSI is usually implemented with random access memory. But an optical TSI is much harder to implement. One example is given in Fig. 1 where the optical TSI consists of an optical switch and C.-T. Lea fiber delay lines. A data block will pass through the switch a variable number of times, depending on how long it will stay in the buffer, and the signal attenuation will not be a constant. It is particularly severe if the TDM frame size is large and a data block needs to stay in the buffer for many time slots. Also, the size of the buffer grows with the OTDM frame size, which is usually large. The complexity and the cost of the TSI will make an OTDM ring impractical to build for the current time being. If we remove TSIs, an OTDM ring only needs delay lines in each node to synchronize the incoming and outgoing slots (Fig. 2) . This can reduce the complexity and cost significantly. Given today's optical buffer technology [8] , [9] , the architecture in Fig. 2 is perhaps the only practical OTDM ring architecture for the time being. The problem, however, is that the space-reuse efficiency of the ring is poor. Consider the example in Fig. 3(a) . To simplify the discussion, we assume the propagation delay between two nodes to be zero (or a multiple of the frame size) such that slot 0 sent out by node i will be sent out again as slot 0 by node (i + 1). Suppose slot 0 from node 1 to node 7 has already been occupied by an existing lightpath. Now, a new lightpath from node 7 to node 2 needs to be set up. As the two Fig. 3 . (a) One lightpath from node 1 to node 7 has been set up. If we intend to set up another lightpath from node 7 to node 2, we have to use a different slot because the two paths overlap in the segment between nodes 1 and 2. (b) The same space-reuse efficiency problem also occurs in a WDM ring. One way to improve the space-reuse efficiency is to place each wavelength converter at only one node (node 1 in this figure) to connect all wavelengths into a large cycle. The signal of wavelength 1 will be converted to that of wavelength 2 when it cycles back to node 1, and wavelength 2 will be converted to wavelength 3, etc. The result is a larger wavelength cycle and a better space-reuse efficiency lightpaths overlap in the segment between node 1 to node 2, we must use a different slot for the new connection. In other words, the remaining segment of slot 0 between node 7 and node 1 cannot be used for the second lightpath even if it is available.
A similar space-reuse efficiency problem also occurs in a WDM ring where each wavelength corresponds to one slotslot 0 is replaced by wavelength 0 and slot 1 is replaced by wavelength 1, etc. If we need to convert signals of any wavelength to signals of any other wavelength, we need to put m wavelength converters in each node, where m is the number of wavelengths (or the frame size in an OTDM network). If there are N nodes in the ring, we need Nm converters. This is obviously too expensive to do. Instead, we can equip only one node with wavelength converters and make a larger wavelength cycle. For example, if we have only one wavelength converter, we can connect the wavelengths 0 and 1 into a longer cycle and achieve a better space-reuse efficiency [ Fig. 3(b) ]. If we use m wavelength converters (at one node only), we can connect all wavelengths into one large cycle and improve the space-reuse efficiency even further [10] , [11] .
If we put a TSI in one node of an OTDM network, we can achieve a similar result as in Fig. 3(b) due to the slot/wavelength equivalence. But this is not needed. We discover that in spite of the slot/wavelength equivalence, there is a fundamental difference-from system point of view-between the two types of networks (see Section II). By exploring this difference and the algebraic relationship between the TDM frame size and the total propagation delay of the ring, we can build an OTDM ring with the same capability as described in Fig. 3(b) without using any optical TSIs. This will greatly reduce the cost and simplify the design of an OTDM ring.
We will evaluate the space-reuse efficiency of the architecture through some routing and time-slot assignment (RTA) algorithms to be discussed later in the paper. The problem bears some similarities to the routing and wavelength assignment (RWA) problem [10] - [12] in the WDM rings. In [12] , the authors considered the RWA problem in a unidirectional ring under a traffic matrix of which the total number of lightpaths passing through a link is bounded. The goal is to minimize the number of wavelengths required for a given load bound. The RWA problem for a bidirectional ring under a different traffic model was also considered in [10] and [11] . The authors determined the minimum wavelength requirements for lightpath requests in N node P transceivers networks (all P N requests are received simultaneously). The techniques used in [10] - [12] provide a useful reference for our study. But the fundamental difference introduced by the propagation delay, as mentioned previously, will make our approach different from that used for WDM rings.
The rest of the paper is organized as follows. In Section II, we discuss the fundamental properties of a TSI-free OTDM ring and propose a new OTDM ring architecture. The major innovation of the architecture is that it can achieve great space-reuse efficiency without using optical TSIs. This significantly simplifies the design. In Sections III and IV, we study the space-reuse efficiency of the TSI-free OTDM rings presented in the paper under two different traffic models. We conclude the discussion in Section V.
II. NEW OPTICAL TDM RING ARCHITECTURE
We present a novel OTDM ring architecture without using TSIs. The properties presented in this section are general and apply to all TSI-free OTDM rings. We first consider a unidirectional TDM ring and bidirectional rings are considered in Section III. There are N nodes in the ring, and we number the nodes in the increasing order from 0 to N − 1 in the clockwise direction. Each node in the ring can support multiple wavelengths and data of each wavelength are organized into TDM frames. Our discussion focuses on the TDM properties of just one wavelength. A lightpath will occupy a slot on different links of the ring. Once the lightpath is set up, subsequent data packets will continue to use the same time slots reserved on each link. In the paper, we assume that the slot size is 1 and the frame size is m. The link between node i and its next node neighbor Fig. 2 ) and the propagation delay on link i is denoted by d i . Let D be the total propagation delay of the ring and
We assume each node is equipped with a simple fiber delay line to make d i an integer (i.e., a multiple of time slots). This is to synchronize the transmission time of the outgoing slots with the arrival time of the incoming slots. Without loss of generality, we can assume that all nodes begin their frames at the same time, and slot 0 is transmitted from all nodes simultaneously. In a TSI-free OTDM ring, a slot number in an incoming frame will change, due to the propagation delay, to a different slot number in the outgoing frame. For example in Fig. 4 , slot 2 in the incoming frame at node i is changed to slot number 3 in the incoming frame at node [(i + 1) mod N ] due to the one-unit propagation delay (the shaded time slots on the links are time slots that are already in use). Slot-number shift caused by the nonzero propagation delay is a major characteristic of an OTDM ring that has no counterpart in a WDM ring without wavelength converters-a data block will always be carried by the same wavelength.
We can use (n i , s i ) to identify a slot on the ring where s i is the slot number inside the frame that is located on the egress link of node n i . As the ring does not use TSIs, we have the following relationship.
We can trace a slot as it changes its slot number along the ring and obtain a sequence of slot numbers. This sequence is called a track in the paper. A track k, denoted by T k , can be written as
where the slots (n Proof: This obviously will hold because of (1).
The following property shows that if a track continues, it will eventually form a cycle. The cycle formed by tracing a slot is called a slot cycle. Two slot cycles S 1 and S 2 are said to be equal, denoted by
and vice versa. From the definition, the starting slot numbers of two equal slot cycles need not be the same. Two slot cycles S 1 and S 2 are said to be disjoint if S 1 and S 2 do not share any common slot. Define the universal set U as the set of all slots on the ring; that is
The following property says that all different slot cycles must be disjoint.
Property 3: All slots in a TDM ring network can be divided into disjoint slot cycles; that is
Proof: We start from any slot and trace the associated slot numbers along each link until a slot cycle is formed. If there are any slots left, we repeat the same process until we exhaust all the slots. From Property 1, all the slot cycles must be disjoint.
The main results of the paper are Properties 4 and 5 given later. They show that by exploiting the algebraic relationship between the frame size m and the total delay D, we can design a TSI-free OTDM ring with any slot-cycle length.
Property 4: All slot cycles in a TDM ring network have the same length L = xN , where x is the smallest integer that satisfies (xD mod m = 0), where m is the frame size and D is the total delay of the ring.
Proof: Suppose track k starts from (n node n k 0 . Since
For the first repeat of (n k 0 , s k 0 ), x must be the smallest integer satisfying (3) .
One example is shown in Fig. 5 where m = 4, N = 8, and the propagation delay = 4 slots on links between any two nodes except the link between nodes 1 and 2, and the link between nodes 6 and 7 (both have a propagation delay of 1 slot). There are only two slot cycles in the ring; one is shown in a solid line and the other in a dashed line. Both cycles have the same length of 16 hops.
Property 5: If m (the frame size) and D (total delay) are relatively prime, the TDM ring has only one slot cycle with length mN .
Proof: From Property 4, the length of every slot cycle is xN , where x is the smallest integer that satisfies (xD mod m = 0). If D and m are relatively prime, then we have x = m from (3). Thus, the cycle length is mN . This is possible only if all slots belong to this cycle.
We will study the impact of cycle lengths on the performance of the proposed TSI-free OTDM rings in Sections III and IV using two different traffic models. Under most circumstances, the longer the cycle length, the higher the space-reuse efficiency.
Properties 4 and 5 indicate that we can exploit the algebraic relationship between m and D to design a TSI-free OTDM ring with any slot-cycle length. This applies to a bidirectional ring (one clockwise and one counterclockwise) as well. Suppose the bidirectional ring is a single slot-cycle ring and we like to keep the same property in case of failures. This can be easily achieved if we choose a prime m. For example, suppose we have N = 6, the delay between any two nodes = 2, and m = 13. When one link fails and the two rings are joined, the equivalent topology for the healed ring has N = 10, D = 20, and m = 13. According to Property 5, the healed ring still contains only one cycle.
III. SPACE-REUSE EFFICIENCY: TRAFFIC MODEL I
We compare space-reuse efficiencies of TSI-free OTDM rings with different slot-cycle lengths in this and the next section. Let T = [t i,j ] be the traffic demand matrix, where t i,j is the number of requested lightpaths from node i to node j. Each lightpath is realized in the time domain by finding a free track between the source and destination nodes. Note that different traffic matrices can lead to different results. We will select two types of traffic matrices that have been widely used in the literature.
We first consider a single-port pattern [10] , [11] in this section where each node can only originate and terminate at most one lightpath, and each lightpath has the capacity of one time slot (i.e., t i,j ≤ 1). Lightpaths to be established will form a logical topology on top of the physical OTDM ring. Every singleport traffic pattern can be specified by a permutation. Since a permutation consists of one or multiple permutation cycles, the logical topology formed by single-port traffic patterns will be a loop or multiple loops (Each permutation cycle represents a logical loop, and we do not use the word "ring" to prevent confusions with the physical OTDM ring). For example, suppose N = 8. Then, the connection pattern has two permutation cycles and the corresponding logical topology is two loops:
node 0 → node 7 → node 6 → node 1 → node 0 (1st loop) node 2 → node 5 → node 3 → node 4 → node 2 (2nd loop).
In the following, we compare space-reuse efficiencies based on single-port traffic patterns that have only one loop [10] . With this assumption, we can derive close-form results for the problem under study. We consider bidirectional rings-one clockwise and one counterclockwise. We also assume the cycle lengths of the two rings to be the same. We call the two lightpaths n k → n j and n j → n h adjacent. In other words, two lightpaths are adjacent if there is no gap between the destination node of the first lightpath and the source node of the second lightpath. Similarly, we call the following (k − 1) connections adjacent:
Property 6: Assume the length of all slot cycles is N in a bidirectional ring. A single-loop logical topology (consisting of all nodes) can be constructed if m ≥ N/3 , where m is the frame size of the bidirectional OTDM ring.
Proof: Under this condition (cycle length = N ), the time slot assignment and the routing (clockwise or counterclockwise) will be equivalent to that in a WDM ring as given in [10] . The proof is omitted here.
Property 7: Given a set of K adjacent connections, if we use q hops to set them up in the clockwise ring, then we can use (KN − q) hops to set them up in the counterclockwise ring.
Proof: Consider one lightpath only. If it can be set up with r hops in one direction, then it can be established with (N − r) hops in the reverse direction. Thus we have the property for K adjacent connections.
Property 8: A set of K adjacent connections can be fit into a slot-cycle of length KN/2 of a unidirectional ring.
Proof: In Property 7, either q or (KN − q) is ≤ KN/2 . We select the smaller one of the two to set up the K adjacent lightpaths.
Property 9: A set of 7 adjacent lightpaths can be fit into a slot-cycle of length 2N of a bidirectional ring (both directions are used).
Proof: Denote these seven adjacent connections by 1 to 7. By Property 8, we can set up the 7 connections along one direction with the total hop-length ≤7N/2, and in the other direction with the total hop length ≥7N/2. Without loss of generality, we assume that the hop length of the clockwise direction is ≤7N/2. We can further divide the cases to be considered as shown in Fig. 6(a) . In each case, we show that all seven adjacent connections can be fit into one slot cycle of length 2N in a bidirectional ring (both directions are used).
The proof starts with the consideration of the first and last 5 adjacent lightpaths.
Route the first five (or last five) lightpaths into the slot-cycle in the clockwise direction. We then place the remaining two lightpaths in the opposite direction and this is always possible because each lightpath requires a hop length < N. II) L 1−5 > 2N and L 3−7 > 2N : we divide them into two sub-cases:
We can route the last 3 lightpaths in the clockwise direction and place the remaining lightpaths in the opposite direction. A similar discussion applies to the case
We again divide this case into two sub-cases based on first and last 3 adjacent lightpaths: We show below this is indeed the case.
Thus, lightpath 7 can be fit into the slot-cycle in the clockwise direction.
Property 10: Assume the length of all slot cycles is 2N in a bidirectional ring. A single-loop logical topology (consisting of all nodes) can be constructed if m ≥ 2 N/7 where m is the frame size of the bidirectional OTDM ring.
Proof: Divide the total lightpaths into sets of adjacent lightpaths. By Property 9, we can put each set of seven lightpaths into a slot cycle of 2N hops (in both directions). This means that we will use two slots to implement each set of seven lightpaths. Thus, in total, we need at most 2 N/7 time slots to implement the virtual topology. Proof: The proof of Lemma 1 in [11] can be adapted for our problem here. Consider a single-loop logical topology consisting of the following adjacent connections: {(n 0 , n 1 ), (n 1 , n 2 ) , . . . , (n N −1 , n N ), (n N , n 1 ) }. Denote the number of hops required to route a particular call (n i−1 , n i ) in the clockwise direction by L i . The average number of hops, denoted byL, required in the clockwise direction can be denoted bȳ
In a single-loop topology, the requested lightpaths form an integer number of cycles around the ring. Therefore, the total length N i=1 L i must be a multiple of N , andL must be an integer.
Let k = N 2 /4L . It is shown in [11] that it is always possible to find a set of k adjacent lightpaths with an average clockwise hop lengthL less than or equal toL. We call this set the clockwise set, and call the set of remaining connections the counterclockwise set. In the proposed architecture, there is only one slot cycle, and we place the clockwise set in the clockwise direction. The total hops required to accommodate the clockwise set is kL ≤ N 2 /4. Since the slot cycle is mN , we can place the clockwise set in the ring if mN ≥ N 2 /4 (or m ≥ N/4 ). Next, we consider the remaining (N − k) connections. Denote the average clockwise hop lengthĽ of the set. Obviously, we haveL ≤Ľ ≤ N . If we route them through the counterclockwise ring, the average hop length must be (N −Ľ). Let D W be the total number of contiguous hops required to accommodate the counterclockwise set. Then, we have
It can be shown that for integer N andL, the last quantity is maximized atL = N/2 [11] . This gives us
Thus, m( N/4 ) time slots suffice to set up the counterclockwise set.
Properties 6, 10, and 11 show the space-reuse efficiencies of OTDM rings of different slot-cycle lengths. Since the bandwidth of each slot is the same in all cases, a smaller m (frame size) means a smaller total bandwidth required to construct a singleloop virtual topology. As can be seen, a longer slot cycle usually leads to a higher efficiency of ring utilization. We can also see that the routing and slot assignment in a single-slot-cycle ring is much simpler than in rings with multiple slot cycles (see Properties 9 and 10).
IV. SPACE-REUSE EFFICIENCY: TRAFFIC MODEL II
In this section, we consider a more general traffic matrix. Again T = [t i,j ] represents the traffic matrix and t i,j is the number of lightpaths to be set up from node i to node j in an OTDM ring. For simplicity, as in [13] - [16] , we consider a unidirectional ring in this study where nodes are numbered from 0 to (N − 1) in the clockwise direction, where N is the number of nodes in the ring. The load of T , denoted by L(T ), is the largest number of requested lightpaths carried by any link in the unidirectional ring [13] - [16] . Since the path is already determined in a unidirectional ring, the issue to tackle is to identify a time-slot assignment scheme to insert the lightpaths of T into the slot cycles of the OTDM ring such that the bandwidth requirement is minimized for a given L(T ). We are going to use a generalized Tucker's algorithm [13] , [14] as our time-slot assignment scheme.
A. Generalized Tucker's Algorithm
Assume L(T ) = L. Without loss of generality, we assume that the load on every link is the same and equals L. If a link between node u and node (u + 1) has a load W < L, we just add (L − W ) dummy lightpaths from u to (u + 1) to make the total number of lightpaths passing through the link = L. Once the load is uniform on all links, the number of lightpaths terminating at a node equals the number of lightpaths originating from the node. If a node has no terminating lightpaths, neither will it have originating paths. A node of this type is called a nonterminating node in the paper.
We generalize Tucker's algorithm as follows. It consists of two steps: 1) index all the requested lightpaths in T and 2) assign free slots to each indexed lightpath. Note that we add some dummy one-hop lightpaths in T to create uniform loading. We can simply remove these dummy lightpaths after all lightpaths have been set up by the algorithm.
The Indexing Procedure: Let A 1 = (a 1 , b 1 ) denote the first indexed lightpath in a uniform loading T . Select any lightpath as A 1 . For i = 2, . . . , w, where w(= i j t i,j ) is the total number of lightpaths in T , we move along the ring in the clockwise direction and identify the connection A i+1 = (a i+1 , b i+1 ) in I\{A 1 , A 2 , . . . , A i } by the following rule: A i+1 is the first unindexed connection to begin after b i (the destination node of A i ). Since multiple lightpaths can start from the same node, we will arbitrarily pick one when that happens. We use I to denote the set of indexed lightpaths, i.e., I = {A 1 , A 2 , . . . , A w }.
An immediate result of uniform loading is that lightpaths in I form cycles: C 1 , C 2 , C 3 , . . . , C v . A similar phenomenon is also found in a WDM ring [12] . This can be seen from the fact that the number of terminating lightpaths is the same as that of originating paths under uniform loading. A 1 terminates at b 1 . So another path must originate from b 1 . The indexing rule states that A 2 is the first lightpath starting after b 1 , thus a 2 = b 1 must hold. The same relationship exists between A 2 and A 3 . The process continues until some A j 's destination node b j is the same as a 1 and a cycle is formed (such a lightpath must exist as A 1 originates from a 1 ). The next lightpath A j +1 will start a new cycle and eventually every lightpath in I is associated with a lightpath cycle.
For cycle C k , we use the source node of its first lightpath as the reference point, denoted by r k . For example, r 1 = a 1 and r 2 = a l if C 2 starts at A l . Excluding the lightpaths in the first j cycles, all nodes between r j and r j +1 must be nonterminating nodes. Otherwise, A j +1 will not be the first lightpath starting after b j (b j = r j ). We use g j to denote the gap from node r j to r j +1 . Let |g j | be the gap size-the number of hops from node r j to r j +1 . Note that |g j | may be zero. Obviously, |g j | = (r j +1 − r j ) mod N and
where v is the total number of cycles in I.
The Slot Assignment Scheme: Starting from a 1 , we trace each slot cycle in the OTDM ring. Without loss of generality, we assume a 1 = 0. Otherwise, we can shift the node index and make a 1 = 0. We list the number of slots traced in each slot cycle. Each slot is denoted by a (node, slot number) pair in the paper. If we ignore the slot number and only list the node number, the result of the tracing is as follows:
. . . .
Starting from slot-cycle 1, find a free shortest track from node a 1 to b 1 to set up A 1 (note that a 1 = 0). The word "shortest" will ensure that the length of the free track used is <N . We do the same and find a shortest track from a i to b i for A i in I until the current slot cycle can no longer accommodate a new lightpath. We then move on to the next slot cycle.
Associated with the slot assignment algorithm is the concept of rounds. The slot assignment algorithm inserts the lightpaths one by one into slot cycles. We use r 1 as reference point and say that the algorithm has completed p rounds if the algorithm traversed node r 1 (p + 1) times, where lightpath A 1 is included in counting. Let H p be the set of lightpaths assigned during the pth round. So, the lightpath set I can also be divided into rounds Proof: This is due to the fact that all nodes from r 1 to r u are nonterminating nodes for C u .
B. Performance Analysis of the Algorithm
To show the efficiencies of OTDM rings with different slotcycle lengths, we need to introduce some properties first. Let I p = ∪ p i=1 H i be the set of all lightpaths assigned by the algorithm up to the pth round.
Property 13: Let R p be the total length of a free track needed to accommodate all the lightpaths in I p . Then, pN ≤ R p ≤ (p + 1)N .
Proof: Assume the free track starts from node 0 because A 1 starts from node 0. We insert lightpaths into the free track one by one. As there is no gap between two lightpaths unless they belong to different cycles; hence, we have Proof: We first use Tucker's algorithm to index all lightpaths and create the set I. Property 14 shows that we can put the lightpaths of the first (k − 1) rounds into one slot cycle. Property 15 indicates that the remaining lightpaths will have a load ≤(L(I) − (k − 1)). Thus, by repeating the generalized Tucker's algorithm L/(k − 1) times, we can set up all the remaining lightpaths in I. Each slot cycle use k slots in the OTDM frame. Thus (k L/(k − 1) ) time slots (i.e., the frame size) suffice to set up all lightpaths of a traffic matrix with load = L.
Property 16 indicates that the space-reuse efficiency of the proposed OTDM rings under the class of traffic matrices discussed in this section is also affected by the slot-cycle length of the ring. The longer the slot-cycle length, the better the spacereuse efficiency we can achieve. This is consistent with the results derived in Section III.
V. CONCLUSION
We have presented a novel TSI-free OTDM ring architecture. We showed that all the slots in a TSI-free OTDM ring will form a cycle and all slot cycles must have the same length. The performance of the ring is related to its slot-cycle length. We showed that by exploring the algebraic relationship between the frame size and the total propagation delay of the ring, we can design a TSI-free OTDM ring with the longest slot-cycle length. To achieve the same result in a WDM ring, however, wavelength converters must be used. This innovative ring architecture can simplify the optical buffer requirement and reduce the implementation cost. It is a more practical architecture choice for a real implementation of OTDM rings.
